The capacity of the ethylene binding inhibitor, 1-methylcyclopropene (1-MCP; SmartFresh™ technology) to delay ripening of European pears reportedly decreases with advancing fruit maturity. In the present study, the influence of endogenous and exogenous ethylene on the efficacy of 1-MCP to delay 'Bartlett' pear fruit ripening was determined. Physiologically mature-green fruit were harvested at an early-, mid-, and late-season maturity. They were treated with 0 or 600 nl L 
1-MCP alone or in combination with
ethylene was included in the treatment atmosphere for all fruit maturity stages. 1-MCP responses were also slightly diminished after storage at 1C for 5 weeks following treatment compared to the response at harvest. These findings highlight the competitive nature of 1-MCP and ethylene for fruit binding sites, and underscore the importance of monitoring ethylene concentrations in treatment atmospheres.
INTRODUCTION
European pears (Pyrus communis) ripen in association with a climacteric rise in ethylene biosynthesis. The capacity of pears to produce ethylene and ripen is related to their physiological maturity at harvest (Chen and Mellenthin, 1981) . Pears picked early in the season produce very little ethylene at harvest and ripen slowly, while fruit harvested later in the season synthesize higher rates of ethylene and ripen rapidly. Exposure to exogenous ethylene can accelerate and coordinate uniform ripening of pear fruit regardless of the maturity (Agar et al., 1999) .
Maintenance of European pears at low temperature (Mitchell, 1990) and under controlled atmospheres (Yoshida et al., 1986) can extend the storage life of fruit. Similarly, pre-treatment of climacteric fruit with the ethylene action inhibitor, 1-methylcyclopropene (1-MCP) gas can also delay ripening responses (Watkins, 2008) . 1-MCP molecules bind to the ethylene protein receptors in fruit tissues and thereby prevent ethylene perception (Sisler et al., 1996) . There are numerous reports in the literature describing the efficacy of 1-MCP to extend the shelf life of pears (e.g., Lelievre , 1997; Argenta et al., 2003; Trinchero et al., 2004; Calvo and Sozzi, 2009; Gamrasni et al., 2010; Villalobos Acuna et al., 2011) . 1-MCP preparations, including SmartFresh™, are now registered for use on fruit crops (Watkins, 2008) .
The efficacy of 1-MCP to delay ethylene-mediated ripening of some climacteric fruits can be variable and depends in part on the physiological state of fruit. For example, 1-MCP treatment of avocado and banana is highly effective when applied to preclimacteric fruit, but is less efficacious when administered after ripening has commenced (Joyce et al., 1999; Adkins et al., 2005) . The increase in endogenous ethylene concentrations within ripening fruit tissues presumably reduces the competitive ability of 1-MCP molecules to bind to available receptors (Zhang et al., 2009 (Zhang et al., , 2010 . Similarly, the presence of exogenous ethylene in the treatment atmosphere can moderate 1-MCP efficacy (Villalobos Acuna et al., 2011) .
Given that treatment rooms can be contaminated with biologically active concentrations (0.01-0.18 µl L -1 ) of ethylene (D. Holcroft, unpublished data), we determined the ethylene concentration that would reduce the efficacy of 1-MCP treatment to extend the postharvest life of 'Bartlett' pears. The 1-MCP response of fruit at different harvest maturities was also examined.
MATERIALS AND METHODS

Plant Material
Mature-green 'Bartlett' pear (Pyrus communis) fruit were obtained on the day of harvest from a packinghouse near Sacramento, California. Fruit were collected every 8-11 days during the harvest season to capture three (early, mid, late) stages of maturity (81, 79, 68 N flesh firmness, respectively). Fruit in cardboard boxes were transported to the laboratory in 1 hour.
1-MCP and Ethylene Co-Treatments
Fruit of uniform quality were randomly assigned to treatments. They were repacked into cardboard boxes and held at 0C for 16 hours to equilibrate to treatment temperature. Fruit were enclosed into 300 L stainless steel chambers at a fill ratio (50 kg fruit per 300 L volume) consistent with a marine container fully loaded with palletized fruit. Fruit were treated with 0 or 600 nl L ethylene for 24 hours at 0C on the day after harvest (Table 1) . Half of the fruit were then exposed to 100 µl L -1 ethylene for 24 hours at 20C. Remaining fruit were stored at 1C for 5 weeks to simulate a marine shipment from California to South America. After the ethylene or storage treatment, fruit were held at 20C for ripening and shelf life evaluation.
Assessments
The internal ethylene concentration was determined for ten fruit from each harvest after cooling to 0C. Unbound ethylene was extracted from internal fruit tissues with vacuum. Ethylene concentrations were quantified using a Carle model 211 gas chromatograph (GC) (Carle Instruments, Inc., Anaheim, CA, USA) fitted with a flame ionization detector. Ethylene concentrations inside chambers at the beginning and end of each 1-MCP treatment were measured using the same GC. We also measured rates of ethylene production and respiration by fruit at harvest and during shelf life using the Carle GC and a Horiba VIA-510 gas analyzer (Horiba Instruments Co., Irvine, CA, USA), respectively. The flesh firmness and skin color of 24 fruit in each treatment were evaluated at harvest and every 3 days during ripening at 20°C. Flesh firmness was measured on the peeled surface on opposite sides of each fruit using a Gűss FTA GS-14 penetrometer (Gűss Manufacturing Ltd, Strand, South Africa) fitted with an 8 mm probe. Skin color was determined using a Minolta CR-300 Chroma Meter (Minolta Ltd., Osaka, Japan).
Experiment Design
Fruit were arranged in a randomized complete block design. Four replicate boxes containing fruit were used for each treatment. Six fruit were removed at random from every box at each sampling time for evaluation of firmness and color. A separate set of fruit were maintained for ethylene production and respiration for the duration of the experiments. Data are presented as means ± standard errors. Data were analyzed as oneway ANOVAs using the generalized linear model procedure of SAS (Version 9.1, SAS Institute Inc., Cary, NC, USA).
RESULTS
Early-, mid-and late-season 'Bartlett' fruit ripened to an eating firmness of 13.4 N in 6, 3 and 3 days, respectively, at 20C following exposure to ethylene after harvest (Fig. 1) . Pre-treatment with 600 nl L -1 1-MCP at 0C reduced the sensitivity of fruit to ethylene to varying degrees depending upon the harvest maturity (Fig. 1) . For earlyseason fruit, 1-MCP treatment extended the shelf life (time to eating firmness) by 9 days at 20C. For mid-and late-season fruit, 1-MCP treatment extended shelf life by 3 days. 1-MCP treatment also delayed the coloration of fruit skin (Fig. 2) and peak ethylene production and respiration rates (data not shown).
The inclusion of ethylene in the treatment atmosphere modified the efficacy of 1-MCP in a concentration-dependent manner that also varied with fruit harvest maturity ( Figs. 1 and 2 ). In early-season fruit, increasing the initial concentration of ethylene in chambers from 0 nl L ) for the late maturity stage. While ethylene was carefully administered to give the desired 1-MCP: ethylene ratios at the beginning of treatment, ethylene produced by the fruit accumulated in the closed chambers (Table 2 ). This build-up of ethylene was low for early-season fruit, and higher for late-season fruit that produced higher concentrations of ethylene. Curiously, the accumulation of ethylene was greatest for mid-season fruit despite their low initial internal ethylene concentration. Nevertheless, there was a general association between a decrease in 1-MCP treatment efficacy with an increase in ethylene concentrations within fruit and/or chambers.
Treatment responses for fruit that were stored at 1C for 5 weeks following the 1-MCP and ethylene co-treatments were diminished compared to the response at harvest (Figs. 1 and 2 ). The benefits of 1-MCP pre-treatment were largely maintained during storage for early-season fruit. Pre-treatment with 1-MCP did not extend the shelf life of mid-and late-season fruit after storage.
DISCUSSION
In the present study, the capacity of endogenous and exogenous ethylene to modulate 1-MCP treatment efficacy for 'Bartlett' pears was determined. Treatment with 600 nl L -1 1-MCP was found to delay ripening at harvest by up to 9 days at 20C (Figs. 1  and 2 ). However, treatment efficacy decreased with advancing fruit maturity in association with increasing levels of endogenous ethylene within fruit and the treatment atmosphere (Fig. 1, Table 2 ). Similarly, Gamrasni et al. (2010) reported that treatment of 'Spadona' pears with 200 nl L -1 1-MCP delayed ripening of early-season fruit but was less effective for late-season fruit. Moreover, delaying 1-MCP application until after climacteric ethylene production and ripening has been initiated has previously been reported to reduce treatment efficacy for several fruit (Joyce et al., 1999; Adkins et al., 2005; Zhang et al., 2009; Gamrasni et al., 2010) .
The addition of increasing concentrations of exogenous ethylene to the treatment atmosphere also steadily decreased the benefits of 1-MCP (Figs. 1 and 2 ). These data highlight the competitive nature of 1-MCP and ethylene for fruit binding sites, and are consistent with similar observations by Zhang et al. (2009) and Villalobos Acuna et al. (2011) for tomato and 'Bartlett' pear, respectively. A relatively high initial 1-MCP: ethylene concentration ratio (e.g., 20-50:1) was necessary for maximum ripening inhibition in early-season 'Bartlett' fruit. However, this initial ratio did not greatly extend the shelf life of mid-and late-season pears because ethylene produced by these fruit accumulated more substantially during the treatment than for early-season fruit (Table 2) . Increasing the initial ratio of 1-MCP:ethylene may therefore be necessary to improve treatment efficacy for fruit harvested later in the season. Methods to reduce ethylene contamination of treatment areas may also help maintain a more favorable 1-MCP: ethylene ratio. Conversely, decreasing the 1-MCP:ethylene ratio might provide an opportunity to specifically target a range of ripening responses for different market scenarios.
1-MCP treatment effects were diminished for fruit stored at 1C for 5 weeks relative to responses at harvest (Figs. 1 and 2) in line with the findings of Ekman et al. (2004) and Calvo and Sozzi (2009) . Since 'Bartlett' pears are harvested commercially at different stages of maturity whereby ethylene production rates and ripening capacity can vary (Chen and Mellenthin, 1981) , the results of the current study highlights the challenge in devising a consistently reliable 1-MCP treatment protocol. The different 1-MCP response of fruit at each maturity stage may also explain some of the variable ripening responses (e.g., no inhibition vs. irreversible suppresion) previously reported in pears (Ekman et al., 2004) .
In conclusion, this study highlights the capacity of endogenous and exogenous ethylene to modulate the ripening response of 'Bartlett' pears to 1-MCP. This response underscores the importance of monitoring ethylene concentrations in treatment rooms before applying 1-MCP. Establishing a higher ratio of 1-MCP:ethylene within the treatment atmosphere is recommended to extend the shelf life of pears harvested later in the season. 
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